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Fiber optic gyroscopes (FOG) based on the Sagnac effect are a valuable tool in sens-
ing and navigation and enable accurate measurements in applications ranging from
spacecraft[1] and aircraft[2] to self-driving vehicles such as autonomous cars[3].
As with any classical optical sensors, the ultimate performance of these devices is
bounded by the standard quantum limit (SQL). Quantum-enhanced interferometry
allows us to overcome this limit using non-classical states of light. Here, we report
on an entangled-photon gyroscope that uses path-entangled NOON-states (N = 2) to
provide phase supersensitivity beyond the standard-quantum-limit.
INTRODUCTION
Among the many applications of optical interferome-
try, optical gyroscopes based on the Sagnac effect are an
invaluable tool in sensing and navigation. First observed
by Georges Sagnac in 1913 [4, 5] — in an attempt to
observe the ”relative circular motion of the luminiferous
ether within the closed optical path”[6, 7] — the Sagnac
effect refers to the relative phase φS(Ω) experienced by
counter-propagating light waves in a rotating interferom-
eter. To this day, this experiment, together with that of
Michelson and Morley[8], is considered one of the fun-
damental experimental tests of the theory of relativity[9].
While the relativistic correction of the effect is still un-
der discussion[10–13], a mass product has evolved from
its application[3]. The effect allows us to determine the
absolute rotation Ω with respect to inertial space [10]
and has since found application in navigation systems for
spacecraft[1] and aircraft[2] as well as self-driving vehi-
cles such as autonomous cars [3].
The precision of an optical gyroscope is determined
by the phase response ∂φ
∂Ω
as well as the minimum phase
resolution ∆φ. The phase response ∂φ
∂Ω
= ST ∝ A⟳⤿λ ,
or Sagnac scale factor ST , is proportional to the area
A⟳⤿ enclosed by the counter propagating waves and in-
verse proportionality to the wavelength λ of the interfer-
ing wave. In commercial fiber optic gyroscopes (FOG),
the phase response is amplified by increasing the effec-
tive area enclosed by the optical paths by using an op-
tical fiber-coil. Another strategy to improve the preci-
sion is to use shorter wavelengths. Therefore, the Sagnac
effect was examined with X-rays[14] as well as with
de Broglie waves such as electrons[15], neutrons[16],
and atoms[17–19]. The generation and guiding of such
waves, however, is rather difficult in comparison to opti-
cal electromagnetic waves, and the area enclosed by such
gyroscopes is rather small compared to the FOG.
Furthermore, approaching the ultimate limits of sen-
sitivity, the minimum phase that can be measured us-
ing classical states of light is bounded by the standard-
quantum-limit (SQL) ∆φ > ∆φSQL = 1/√M , where M
is the number of photons detected. The SQL is refer-
enced to the total power detected and in the technical
literature it is commonly called shot-noise-limit. Since,
on the one hand, the enclosed area is limited by practi-
cality and transmission loss[1], and on the other hand,
the power circulating in the interferometer cannot be in-
creased without inducing detrimental nonlinear optical
effects[20] or even damage to the system, the possibil-
ity of increasing the per-photon sensitivity of the FOG is
both of fundamental and economic interest.
Quantum metrology provides a route to improve the
precision of measurement to levels which would be im-
possible with classical resources alone [21]. Quantum in-
terferometry thereby pursues the approach of using non-
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classical states of light in order to measure optical phases
with a higher precision per photon. The canonical ex-
ample of such states are path-entangled NOON-states,
for which the resulting measurement advantage is based
on the collective behavior of N photons. That is, all N
photons are in an equal superposition of being in either
one of the two modes of an interferometer, resulting in a
shortened de-Broglie wavelength λ/N , where λ denotes
the physical wavelength of the individual photons[22].
This leads to an increase of the interferometric fringe pat-
tern frequency by a factor of N (super-resolution) with-
out changing the physical wavelength of the photons, al-
lowing the latter to be chosen for optimized transmission
through optical single-mode-fibers (SMF).
Thus, using NOON-states, the relative phase imparted
on the interferometric modes can be determined with the
same precision as if consecutive photons with N -fold
energy (N times shorter wavelength), or N times more
photons were used. The resulting measurement advan-
tage is called super-sensitivity, meaning that the achieved
precision is better than the SQL which is a strict limit
when using consecutive single photons, e.g. in coher-
ent or thermal states with an average photon number of
M . UsingM/N NOON-states one obtains a precision of
∆φNOON = 1/√NM < ∆φSQL, although the same num-
ber of photons/same energy is detected. Note that the
fundamental limit in quantum mechanics is the Heisen-
berg limit ∆φHL = 1/M , which retains its validity for
arbitrary photon states.
While the applicability of these non-classical states
in metrology has already been widely demonstrated in
other interferometric settings [23–27], the measurement
advantage, or quantum enhancement, has not yet been
used to measure a phase shift imparted by accelerated
or rotational motion. In this work, we demonstrate an
entanglement-enhanced phase sensitivity in a fiber optic
gyroscope[28]. The gyroscope is based on a compact
source of entangled photon pairs that was mounted to-
gether with a fiber coil on a rotating platform (see Fig-
ure 1). We investigated the interference signal of the
counter-propagating modes in the FOG at different ro-
tational speeds and use the canonical example of a two-
photon N00N state (N = 2) to provide phase supersensi-
tivity beyond the standard quantum limit (SQL) in a per
detected photon regime. Our work now demonstrates the
experimental accessibility of entangled photon states in
Sagnac interferometry and thus represents an important
step towards reaching quantum-enhanced sensitivity of
inertial navigation systems.
RESULTS
A rigid three-level crate containing the optical setup
and battery-powered electronic control equipment was
mounted on a modified cement mixer. A remotely con-
trolled computer on board was used to store all relevant
data and to control the experiment. By controlling the
motor by means of a variable-frequency drive, we were
able to adjust the rotational speed of the Sagnac inter-
ferometer. An additional commercial gyroscope (Dy-
tran, VibraScout 6D, 5346A2) was mounted at the ce-
ment mixer to log the rotational velocity. The opti-
cal setup (see Figure 2) generates, detects, and ana-
lyzes photon pairs and has proven its stability in previous
experiments[29]. The photon source uses a continuous-
wave laser at 405 nm to produce signal and idler photons
at a wavelength of λ = 810 nm via spontaneous para-
metric down conversion (SPDC), which are subsequently
collected in a polarization maintaining single-mode opti-
cal fiber (PMF). For details see Methods section. A half-
wave plate (HWP) @ 22.5○ transforms the two-photon
state at the output of the PMF ∣ΨPMF⟩ = ∣1H,1V⟩ to
a NOON state in polarization modes (1/√2(∣2H,0V⟩ −(∣0H,2V⟩)), where both photons are either horizontal (H)
or vertical (V) polarized.
Additionally, for providing reference measurements
with consecutive single photons, the one-photon state∣1H,0V⟩ could be generated by inserting a horizon-
tally oriented polarizer directly after the PMF. After
the transmission through a HWP, the single photon is
anti-diagonal polarized and its state can be written as
a superposition of H and V polarization ∣0D,1A⟩ =
1/√2(∣1H,0V⟩ − ∣0H,1V⟩). The polarizing beamsplitter
(PBS) of the Sagnac interferometer (see Fig. 2) converts
the polarization modes to spatial modes, which are both
coupled to the different ends of a coiled fiber loop. Trans-
mitted photons thus propagate in a clockwise (⟳) and
reflected in a counterclockwise (⤿) direction through
the fiber. The resulting N -photon state in the Sagnac
interferometer is given by
1√
2
(∣N⟳,0⤿⟩ − ∣0⟳,N⤿⟩) , (1)
withN being either 1 or 2 in case of a measurement with
or without the polarizer, respectively. After traversing
the fiber loop, the photons impinge on the PBS a sec-
ond time, from where they are guided to output port-d.
The polarization changes in the fiber-coil where compen-
sate by an additional HWP and an in-fiber-polarization-
controller (see Figure 2).
The rotation with an angular velocity Ω leads to a
phase difference φS between counter propagating waves.
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FIG. 1: Experimental arrangement: A
rigid three-level crate containing a
photon source, a fiber based Sagnac
interferometer and electronic equipment
was mounted on a modified cement
mixer. A remotely controlled personal
computer (PC) was used for data storage
and to control the experiment. The
optical fiber coil of the Sagnac
interferometer was passively stabilized
against temperature drifts with a
cardboard box and bubble wrap.
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FIG. 2: Optical setup: Light from the laser diode (405nm) produces
signal and idler photons at a wavelength of λ = 810 nm via
spontaneous parametric down conversion (SPDC). A
neodymium-doped yttrium orthovanadate (Nd:YVO4) and a
polarization maintaining single-mode fiber (PMF) are used to
compensate temporal walk off between the photons of a pair. A
polarizing beam splitter (PBS) with ports a,b,c and d converts the
polarization modes to spatial modes, which are coupled to the
different ends of a single mode fiber (SMF) coil. The photons in
port-d are measured in the DA-basis. Two silicon-avalanche photo
diodes (SiAPD) generate electrical pulses which are recorded in time
with a time tagging module (TTM).
Ignoring relativistic corrections due to the slow rotational
velocity in our experiment, the Sagnac phase[13] reads:
φ(Ω) = c2pi
λ
∆t(Ω) ≃ 4piLrΩ
λc
= STΩ = 1.09Ω, (2)
where c denotes the speed of light, r ∼ 7.8 cm is the
radius of the fiber coil, L ∼ 270.5 m is the length of the
fiber, and λ = 810 nm is the wavelength of the down-
converted photons. The final state after transmission
through the Sagnac loop (in port-d of the PBS) reads:
∣Ψport-d(N)⟩ = 1√
2
(∣NH,0V⟩ − eiN(φ(Ω)+φ0) ∣0H,NV⟩) .
(3)
where φ0 accounts for an initial offset caused by
the birefringence of the fiber coil. The detection mod-
ule consists of a HWP at 22.5○ followed by a PBS
and two silicon-avalanche photo diodes (SiAPD), one in
each output. This setup projects the state ∣Ψport-d(N)⟩
onto the diagonal/anti-diagonal (D/A) polarization ba-
sis. The which-way information (⤿/⟳) is inacces-
sible in this basis, resulting in interference between
the two modes. Note that the N -photon rate RN ∝
cos2 (N/2 (S Ω + φ0)) shows a linear increase of the
fringe oscillation frequency ωN = (SN)/2 with N .
Two sequential measurement runs were performed us-
ing a one-photon state (N = 1) and a two-photon NOON-
state (N = 2), with and without the polarizer, respec-
tively. For each run, the angular velocity was increased
step wise from Ω = 0 to Ω = 5.6 rad per second, re-
sulting in a full 2pi phase shift according to equation (3).
For each setting of Ω we accumulated data for a total of≃ 19 seconds and evaluated the one-photon/two-photon
count rates R1/R2 with integration times τ1 = 5 ms /
τ2 = 20 ms, leading to 3800/950 data-points per angu-
lar velocity setting. Note that using different integration
3
times for the N = 1 and N = 2 measurements accounts
for the different rates of detected one-photon and two-
photon states and thus results in roughly the same num-
ber of detected photons per data point for both measure-
ments. Figure 3a shows the one-photon count rate R1 of
SiAPD2 obtained in the first measurement run, whereas
Figure 3b shows the two-photon coincidence count rate
R2 between SiAPD1 and SiAPD2 of the second measure-
ment run. Comparison of the two graphs clearly shows
the increased fringe oscillation frequency of the coinci-
dence count rateR2. The data in Figure 3 are fitted with a
function of the form of equation (4) and using the fitting
parameters presented in Table I. The error estimation of
the fit parameters was determined via bootstrapping and
confirmed by Monte Carlo simulation.
RN =M/N cos2 (N
2
(SΩ + φ0)) +B (4)
M B S φ0
N = 1 1955 63 1.091(8) 1.676(7)
N = 2 1956 49 1.089(0) 1.662(9)
TABLE I: Fit parameters of equation (4) as plotted in
Figure 3.
The phase shift caused by the fiber coil φ0 was set
to ∼ pi/2 using the fiber-polarization-controller. The
background B results mainly from uncorrelated resid-
ual background counts but also from imperfect overlap of
the counter propagating modes. Note that the amplitude
in Figure 3a is about twice as large as in Figure 3b, but
M ∼ 2000 is approximately the same for both measure-
ment runs. Here, M denotes the total number of photons
detected per integration time τ , in the respective pho-
ton state. The fiber coil is not perfectly circularly wound
and has extra loops for the polarization controller and
the PBS connections, therefore equation (2) is a rough
estimation of the expected scale factor ST , which agrees
nicely with the fitted parameter S.
The vertical distribution of the individual measure-
ments in Figure 3 with respect to the fit function is
mainly caused by statistical count-rate fluctuations. The
horizontal distribution of the measurements stems from
variations in the rotational velocity of the modified ce-
ment mixer (due to an imbalanced ball bearing mecha-
nism). However, knowledge on the timing of individ-
ual detection events, we were able to directly resolve the
variations in rotation period. The correlation of the co-
incidence count rate and the rotational velocity as mea-
sured by the commercial gyro sensor is shown in Figure
4.
The uncertainty in the measured velocity attributed to
Poisson noise of RN can be estimated via propagation
of uncertainty ∆ΩE(RN) = ∣∂ΩE(RN)/∂RN ∣√RN ,
where ΩE(RN) is the rotational velocity estimated via
the inverse fit function (equation (4)). The uncertainty
calculated this way is plotted along with a numerically
calculated uncertainty in Figure 5, black solid and dot-
ted line, respectively. Usually, such gyroscopes are oper-
ated at the point of best precision, which is called bias-
point. The expected precision at the bias-point ∆ΩEBias
is numerically compared to ∆ΩSQL = 1/(S√M) and
∆ΩHL = 1/(SM) in Table II.
With the inverse fit function, a rotational velocity
ΩE(RiN) can be assigned to each measured count rate
(blue points in Figure 3a and 3b). Those values deviate
from the reference Ω, as measured with the commercial
gyro-sensor. The absolute value of those deviations are
plotted in Figure 5 (green points), together with the sam-
ple standard deviation (black error bars) of each block
of measurements (measurements with similar rotational
velocity). The block with the best precision of each mea-
surement run is coloured blue and the respective sample
standard deviation ∆Ωmin can be found in Table II.
∆ΩSQL ∆Ωmin ∆Ω
E
Bias ∆Ω
HL
N = 1
0.0207
/> 0.025(0) 0.0248 >
469 × 10−6
N = 2 > 0.018(9) 0.0183 >
TABLE II: Standard quantum limit and Heisenberg
limit of the measurement system ∆ΩSQL and ∆ΩHL,
respectively. Best precision of the respective
measurement run ∆Ωmin (blue colored data in Figure 5).
Precision at the bias point ∆ΩEBias, estimated via fit
function. All values are given in rad per sec.
DISCUSSION
In summary, we have demonstrated the effect of super-
resolution in a FOG using two-photon NOON-states.
The increased fringe oscillation frequency of the two-
photon count rate R2 with respect to the one-photon
count rate R1, is shown in Figure 3. From the fit pa-
rameters of Table II, a fringe oscillation frequency ratio
of ωN=2/ωN=1 = SN=2/( 12SN=1) = 1.995(±0.4 × 10−3)
can be found. This value deviates from the theoretically
expected value 2. The deviation is on the order of 10
standard deviation and therefore not fully covered by the
specified error, which may be due to systematic errors
such as drift of the birefringence of the fiber coil or scale
factor S variations. Nevertheless, the inconsistency is
rather small, given the poor thermal and mechanical sta-
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FIG. 3: Count rate vs. angular velocity: Rate of N = 1/N = 2 photon state detection events (a/b). The blue dots
indicate the experimentally determined number of single-photon and two-photon counts per second. Each of the
64,688/16,204 points was measured over τ1 = 5/τ2 = 20 ms. The solid black line is a fit function of the form of
equation (4). The dashed lines indicate the 99% confidence interval around the fitted function if only Poissonian error
of the predicted count rate is assumed. Those lines contain 97.25%/95.88% of the measured data.
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FIG. 4: Two-photon count rate R2 and angular
velocity vs. time: Variation in time of the angular
velocity Ω as measured with the commercial
gyro-sensor (black solid line). The blue dots indicate the
two-photon count rate R2, with integration time of 20
ms.
bilization of the fiber. However, the ratio is significantly
greater than 1, by means of 2487 standard deviations,
which bears witness of super-resolution.
Furthermore we have investigated the precision of
the NOON-state measurements close to the bias-point
∆Ωmin (see Table II). We found that, mainly due to back-
ground, it is slightly worse than the theoretical predicted
limit ∆ΩSQL/√2 = 0.0146 rad s−1. Nevertheless, the
measured precision of the two-photon state performs bet-
ter than the one-photon state, and is better than ∆ΩSQL.
Such sub-SQL precision can never be achieved with co-
herent states of light, and demonstrates super-sensitivity.
In conclusion our result suggest a possible improve-
ment of the accuracy of FOG using non-classical states of
light. In particular, when using NOON-states with large
N , one can significantly reduce the de-Broglie wave-
length of the photon state, without altering the wave-
lengths of the actual photons. Hence the de-Broglie
wavelength can potentially be shifted outside of the
transmission window of the FOG. At this point we
should stress, however, that the presented technology is
not yet competitive with a classical FOG. Laser-driven
FOG[30] use an optical power of approx. 20µW, which
corresponds to a rate of 156 × 1012 photons per second
(at λ = 1550 nm). In contrast, the detected photon rate
of the NOON state is 100 × 103 in our experiment. This
relatively low photon rate was limited by the detectors
used, whose efficiency decreases with increasing count
rate.
Hence, while our sensor is not yet competitive with
commercial gyroscopes, we believe that our work can be
considered an important first step towards reaching the
ultimate sensitivity limits in Sagnac interferometry. With
experiments and applications becoming increasingly de-
manding — so does the severity of the limitation im-
posed by Shot noise. Moreover, since power circulat-
ing in the interferometer cannot be increased arbitrarily,
due to detrimental power-dependent effects such as to co-
herent back-scattering[30] or nonlinear Kerr effects[20],
methods and techniques from quantum metrology will
play a significant role in reaching the ultimate sensitiv-
ity limits of FOG and enable evermore demanding ap-
plications in fundamental science and technology. Wit
the speed of ongoing developments in advancing detec-
tor technology and increasingly brighter photon sources,
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(a)
(b)
FIG. 5: One-photon vs two-photon measurement precision. The precision of the rotational velocity, measured
with the one-/two-photon state is shown in (a)/(b) respectively. Absolute value of the Deviation ∣ΩE(RiN) −Ωi∣
(green dots). Sample standard deviation of [ΩE(RiN) −Ωi] for each measurement block ∆Ω with estimated errors
(black error bars). SQL of the measurement system ∆ΩSQL (dashed line). Uncertainty estimated via fit function
∆ΩE(RN(Ω)) (solide black line) and numerically estimated (dotted black line). The measurements with the
smallest standard deviation ∆Ωmin is colored blue. These data are shown enlarged in the upper right corner.
a technical application of such a system may become fea-
sible in the foreseeable future. We hope that our work
will inspire further research in this direction.
METHODS
A. Photon source
A continuous-wave laser at 405 nm is focused into
a periodically poled Potassium Titanyl Phosphate (pp-
KTP) crystal. The photons from the pump laser are
6
converted within the crystal via spontaneous paramet-
ric down conversion (SPDC) into pairs of signal and
idler photons with horizontal (H) and vertical (V) polar-
ization, respectively. In order to guarantee wavelength-
degenerate quasi-phase matching at 810 nm, the temper-
ature of the crystal is stabilized at 37.375○C ± 0.01○C.
The wavelength-dependent splitting is realized with to
dichoric mirrors. While the signal and idler photons
are coupled into one PMF, the rest of the pump light is
guided to a CMOS camera for the purpose of stability
control. The birefringence of the ppKTP crystal leads to
a longitudinal walk-off between the down converted pho-
tons. In order to create a NOON-State with two indistin-
guishable photons, one has to compensate this polarisa-
tion dependent time delay with further birefringent com-
ponents of the right length. For this purpose, we have
used an additional neodymium-doped yttrium orthovana-
date (Nd:YVO4) crystal, considering the birefringence of
the PMF. This source produces a measured photon rate
of NS = 950,000 sec−1 at 810 nm with a pump power of
27.5 mW. Because of photon losses within the system,
only a fraction of the photons leaves the PMF as a pair.
We measure a photon pair rate of 191,000 sec−1. Both
rates are measured with a photon detection efficiency of
PSiAPD = 0.64 (data sheet of the manufacturer).
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